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The structure of gold-platinum nanoparticles is heavily debated as theoretical calculations predict core-shell
particles, whereas x-ray diffraction experiments frequently detect randomly mixed alloys. By calculating the
structure of gold-platinum nanoparticles with diameters of up to ≈3.5 nm and simulating their x-ray diffraction
patterns, we show that these seemingly opposing findings need not be in contradiction: Shells of gold are hardly
visible in usual x-ray scattering, and the interpretation of Vegard’s law is ambiguous on the nanoscale.
DOI: 10.1103/PhysRevB.86.241403 PACS number(s): 36.40.−c, 61.46.Hk, 61.05.cf
Nanoparticles (NPs) made of noble metals have proven to
be excellent catalysts.1–8 Alloy particles from gold (Au) and
platinum (Pt) are of particular interest, as they show enhanced
catalytic behavior in important oxidation reactions.9–17 They
allow these reactions to take place under mild conditions, thus
offering hope for materials’ synthesis with minimal ecological
impact. These enticing prospects, however, are clouded by
a lack of understanding of Au-Pt nanoalloys that extends
even to such an elementary property as their structure. There
appears to be a serious discrepancy between theory and ex-
periment: Theoretical calculations find core-shell particles as
the energetically lowest pattern,18–23 whereas x-ray diffraction
typically detects randomly mixed alloys.13,24–27 By calculating
the structure and x-ray diffraction patterns of Au-Pt NPs we
show here that shells of Au are poorly visible in the x-ray
patterns and that Vegard’s law is ambiguous on the nanoscale.
Vegard’s law states that the lattice constant in a bulk binary
alloy results from linear interpolation between the lattice
constants of the pure constituent elements.28 The interpolation
factor is given by the ratio of the constituents’ concentrations,
e.g., in a half-and-half alloy the alloy’s lattice constant is
just the average of the lattice constants of the two pure
metals. The analysis of x-ray scattering peaks from which it
is concluded that experimentally generated Au-Pt particles are
not core-shell structures relies on Vegard’s law: One expects
to observe two peaks in bimetallic core-shell or segregated
particles and concludes that the particle is a random alloy
if only one clear peak is observed (for each set of Miller
indices and assuming indexing as in a bulk lattice). From the
scattering angle one deduces the lattice constant. The latter is
then translated into an Au/Pt ratio with the help of Vegard’s
law. Inherent to this procedure is the assumption that Vegard’s
law is valid only for random alloys.
In this article we check the validity of this procedure via
theoretical simulation. The intensity I of the radiation scattered
by an ensemble of atoms is given by Debye’s scattering
equation,29
I =
∑
m
∑
n
fmfn
sin krmn
krmn
, (1)
where f are the atomic form factors of atoms labeled with
m and n (form factors for Au and Pt taken from Ref. 30),
rmn = |rm − rn| is the distance between two atoms at positions
rm and rn, and k = 4π sin θ/λ is the wave number. In the latter,
θ denotes the scattering angle and λ the wavelength (here,
1.5 A˚). The challenge for the theoretical analysis lies in the
need to investigate particles of the relevant13,25,26 size of up to
3–4 nm, i.e., several hundred Au and Pt atoms, while also
being able to cover different structures and sizes to be able to
identify universal effects and trends.
For coping with these challenges we employ density
functional theory (DFT) and molecular dynamics (MD). DFT
allows us to obtain the electronic structure from first principles.
We use the Perdew-Burke-Ernzerhof generalized gradient
approximation31 and take relativistic effects into account via a
scalar-relativistic effective core potential.32–34 However, for
structure optimizations computational effort limits DFT to
Au-Pt clusters with several tens of atoms (≈1000 valence
electrons). MD allows for geometry optimizations also for
much larger systems. In our MD the potential energy is
described by the many-body Sutton-Chen potential.35 From the
Sutton-Chen parameters for the Au-Au and Pt-Pt interactions
the parameters for the Au-Pt interactions were obtained
by a combination rule.36 Further details can be found in
the Supplemental Material37 and references therein.38–42 As
Eq. (1) translates interatomic distances into the peaks of the
simulated x-ray patterns, it is a decisive question whether
the trends of the differences between Au-Au, Au-Pt, and
Pt-Pt bond lengths that are obtained from the MD potentials
are reliable. As a test we have compared MD and DFT for
20-atomic tetrahedral and amourphous structures,21 several
38-atomic clusters, and the 60-atomic particle Au22Pt38 (see
structures depicted in Fig. 4). The comparisons (see the
Supplemental Material37 for details) reveal that MD bond
lengths are consistently smaller than DFT ones for small
clusters. This is plausible, as the MD potential parameters
were obtained by fitting to much larger (bulk) systems. The
important and reassuring finding, though, is that the trends with
respect to bond length differences are quite similar. For both
methods the general finding is that Au-Au bonds are longest
and Pt-Pt bonds are shortest, with Au-Pt falling in between.
Also, the differences among the average lengths of Au-Au
bonds, Au-Pt bonds, and Pt-Pt bonds that one finds in randomly
mixed and core-shell particles are small in both methods. As
the quantitative accuracy of MD-based bond length prediction
is expected to improve further for larger systems due to the
way in which the MD parameters were optimized, we expect
the MD bond length distribution to be reasonably reliable for
the large NPs which we address in the following.
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FIG. 1. (Color online) Left: Calculated x-ray scattering patterns of pure Au, Pt, and core-shell NP (top) and core-shell and randomly mixed
NP (bottom). Right: View of the core-shell (top) and randomly mixed (bottom) NP (outside and cross section).
We thus turn to the experimentally relevant nanoalloys. We
first focus on truncated octahedral structures, because it is
known that frequently experimental structures are faceted and
bulk-like.13,25,26 Changes in the NPs’ structures are considered
when we take into account finite temperatures. With 1289
atoms we constructed octahedra with a diameter of about
3.5 nm and of randomly mixed and of Pt-core Au-shell type.
For both types we used the composition Au484Pt805, because it
allows for a complete shell of Au and a sizable percentage
of both atomic species in the NPs. Both types of starting
structures were first relaxed at 1 K and then propagated for
500 ps at a temperature of 300 K in MD runs in a canonical
ensemble using an Evans’ thermostat43 and vacuum boundary
conditions. Every 20 ps a structure “snapshot” was taken.
These structures were then optimized with a conjugate gradient
procedure. The core-shell structure is 36.57 eV lower in total
energy than the lowest randomly mixed configuration. For
each type of structure the optimized geometry with the lowest
energy was taken as the final structure for the further analysis.
Analyzing the average bond lengths shows that in the
core-shell cluster the large Pt core dominates the bond length
distribution, with an average Pt-Pt distance of 2.77 A˚. The
mean Au-Au distance in the single Au shell is the same as
the mean Pt-Pt bond length. This finding is reminiscent of the
lattice deformation and matching that one encounters when
growing single layers of one material on a substrate with a
different lattice constant. The Au-Pt distance of 2.78 A˚ is
slightly larger, allowing the shell to wrap around the core. The
bond length most often encountered in the randomly mixed
NP is one that falls in between the Au-Au and the Pt-Pt bond
length, with Au-Pt bonds on average being 2.76 A˚, Au-Au
bonds 2.79 A˚, and Pt-Pt bonds 2.74 A˚.
Based on these structures we take the decisive step and
compute the x-ray diffraction pattern according to Eq. (1).
The top left panel in Fig. 1 shows the pattern that one obtains
from pure Au or pure Pt NPs with 1289 atoms in orange
and black, respectively. Figure 1 shows the first two main
peaks, corresponding to the experimentally observed regime.
The red line shows the x-ray pattern for the core-shell NP. As
elaborated previously the expectation so far has been to find
separate peaks for this type of structure, as it has separate Au
and Pt phases. Yet, no double-peak structure is observed at
all; the peak shapes for the different NPs are nearly identical.
Our first important conclusion therefore is that a core-shell
structure in NPs does not necessarily lead to separate x-ray
peaks for the different phases. The lower left panel shows the
second important result: The x-ray pattern for the core-shell
NP (as above) and the one for the randomly mixed NP are very
similar. Core-shell structures may thus be hard to detect via
x-ray scattering.
However, we now take the analysis one step further and
go through the Vegard’s-law-based analysis of the x-ray data.
Assuming that Miller indices (hkl) can be assigned as in the
bulk—an assumption which is reasonably well justified for
the faceted NPs studied here and in experiments—one can use
the Bragg scattering equation a = λ(h2 + k2 + l2)/(2 sin θ ) to
determine the lattice constant a from the scattering angle. For
pure NPs the x-ray analysis leads to a lattice constant of 4.06 A˚
for Au and 3.90 A˚ for pure Pt. These are very close to the pure
bulk values, i.e., the Vegard’s-law-based analysis correctly
identifies the NPs as pure ones. This result also confirms
our procedure for building the particles and calculating the
x-ray patterns. The decisive question now is how well the
procedure works when we translate the x-ray pattern obtained
for the bimetallic NPs into lattice constants and the relative Au
and Pt content using Vegard’s law as explained above. If this
type of interpretation is accurate, then it should yield exactly
38% of Au and 62% of Pt, corresponding to the Au484Pt805
particles that we constructed. Yet, for the core-shell particle
the a deduced from the x-ray pattern is 3.94 A˚, and the
Vegard’s-law-based analysis translates this into an Au content
of ca. 19 %. Thus, it underestimates the Au content by a factor
of 2. This is a serious misprediction. For the randomly mixed
particle the situation is better, yet not perfect, with an a of
3.95 A˚ being translated into an Au content of 31 %. In order
to further elucidate the situation we constructed an 1289-atom
241403-2
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FIG. 2. (Color online) Calculated x-ray scattering patterns (left) and visualization (right) of a core-shell NP with two shells of Au.
NP with two layers of Au, following the same MD procedure
as described above. The resulting particle Au830Pt459 has an Au
content of 64 %. A Vegard’s-law-based analysis of the x-ray
pattern (see Fig. 2) is again far off the mark. It predicts an a of
3.97 A˚, corresponding to 44 % of Au. Thus, instead of showing
that the particle contains more Au than Pt, the x-ray analysis
leads one to believe that the NP contains more Pt than Au.
In judging the significance of these results one should
recall that our analysis so far has been conducted under
ideal conditions, as our calculated x-ray patterns stem from
monodisperse, zero-temperature particles. In actual experi-
ments the uncertainties in determining the NPs’ Au and Pt
content from Vegard’s law can be larger than the discrepancies
that we find here. One can thus imagine that an Au-Pt core-shell
particle with roughly one shell of Au might be classified
as almost-pure Pt. It may thus appear less puzzling that
Pt-core/Au-shell NPs have rarely been found in experimental
x-ray analysis despite their theoretical prediction.
In order to estimate the effects that temperature may have
and to explicitly check what influence the presence of different
structures has on the x-ray pattern, we performed constant-
temperature MD simulations as described above, in each case
starting from the lowest energy configuration and thermalizing
the particle for 1 ns at 1, 50, 100, 200, 250, 300, 600, and
1400 K, respectively. From the last 400 000 steps of each sim-
ulation we took 10 structures, each one being 40 000 time steps
of 1 fs distant from the previous one. For each of the structures
we calculated the x-ray pattern and then superimposed the
patterns of a given temperature. Figure 3 shows these finite-
temperature diffraction patterns. The first, expected observa-
tion is that the peak heights are reduced. At 1400 K the pattern
is also considerably broadened, corresponding to a much wider
bond length distribution compared to that at lower tempera-
tures. As the melting point of the core-shell particle lies at
ca. 1200 K, we observe randomly mixed structures at 1400 K,
whereas for the lower temperatures the core-shell mixing pat-
tern is retained, though with an increasingly softening surface.
A further observation to be made in Fig. 3 is that the
peaks for elevated temperatures are shifted, and while some
shift is expected due to thermal expansion, the magnitude of
the shift is much larger than one would expect based on the
bulk expansion coefficient. Therefore, we calculated the linear
thermal expansion coefficient by evaluating the temperature
dependence of the mean interatomic distance.44 The average
thermal expansion coefficient that we obtain in this way up
to 600 K is ca. 19 × 10−6 K−1, i.e., considerably larger than
that of bulk Au (ca. 14 × 10−6 K−1) and bulk Pt (ca. 9 ×
10−6 K−1). We also see that the surface atoms contribute
the most strongly to the expansion. Thus, NPs at finite
temperatures are likely to have a “diffuse” surface, and this
may contribute to their special catalytic properties.
Finally, having demonstrated the limits of traditional x-ray
analysis for Au-Pt NPs, we exploit the strength of theoretical
simulations to offer direct access to bond length distributions.
Thus, we can take a yet closer look at Vegard’s law. Figure 4
shows the average bond length as obtained from DFT-based
FIG. 3. (Color online) Average NP x-ray scattering patterns at temperatures of 1, 50, 100, 150, 200, 250, 300, 600, and 1400 K. Inset: NP
cross sections at 1, 600, and 1400 K.
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FIG. 4. (Color online) Average nearest-neighbor bond length
of 20-, 38-, and 60-atom core-shell-like clusters with varying Au
contents.
geometry optimizations for 20-, 38-, and 60-atom particles
as a function of the Au content. For the 20-atom clusters we
used tetrahedral core-shell geometries,21 the randomly mixed
38-atom clusters are truncated octahedra,37 and the 60-atom
core-shell clusters are based on an Au30Pt30 NP taken from
Ref.22, in which we successively replaced Au withy Pt, and
vice versa, followed by a reoptimization of every structure.
The striking observation in Fig. 4 is that for all particles,
independent of the size and of whether the atoms are core shell
or randomly distributed, the average bond length increases
linearly with increasing Au content. Thus, one might say that
for small particles Vegard’s law is valid not only for randomly
distributed alloys, but also for other types of bimetallic Au-Pt
particles, independently of the specific way in which the atoms
are arranged.
In conclusion, we have shown that Vegard’s law is ambigu-
ous on the nanoscale, as it may hold not only for random alloys.
However, more importantly, we have shown that Vegard’s
law does not translate into x-ray peaks in the way that has
so far been assumed. Even under the ideal conditions that
can theoretically be realized an Au-shell in core-shell NPs is
poorly visible in x-ray scattering. The Au content of core-shell
particles is greatly underestimated when analyzing x-ray
diffraction patterns based on Vegard’s law. Finite-temperature
simulations showed that thermal expansion in 3.5-nm Au-Pt
NPs is much greater than in the bulk and affects surface
atoms the most strongly. Our findings relativize doubts about
theoretical structure predictions that were triggered by the
missing experimental verification. The fact that the low-
energy structures theoretically predicted for free Au-Pt NPs
undoubtedly are core-shell structures still does not exclude the
possibility that true Au-Pt nanoalloys form in experiments.45
The theoretical findings suggest that the existence of Au-Pt
nanoalloys, and possibly also of other binary systems,46,47
in experiments may be linked to effects beyond the ones
present in free particles. These may be external influences
such as solvents, supports, and special preparation procedures,
possibly in combination with entropical contributions which,
at finite temperatures, can limit the probability of observing
the lowest energy configuration.
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